The CXCL12-CXCR4 chemokine signaling pathway is a well-established driver of cancer progression. One key process promoted by CXCR4 stimulation is tumor cell motility; however, the specific signaling pathways leading to migration remain poorly understood. Previously, we have shown that CXCL12 stimulation of migration depends on temporal regulation of RhoA. However, the specific RhoGEF that translates CXCR4 signaling into RhoA activity and cell motility is unknown. We screened the three regulator of Gprotein signaling RhoGEFs (LSC, LARG and PRG) and found that PRG selectively regulated the migration and invasion of CXCR4-overexpressing breast tumor cells. Interestingly, we found that PDZ-RhoGEF (PRG) was required for spatial organization of F-actin structures in the center, but not periphery of the cells. The effects on the cytoskeleton were mirrored by the spatial effects on RhoA activity that were dependent upon PRG. Loss of PRG also enhanced adherens junctions in the epithelial-like MCF7-CXCR4 cell line, and inhibited directional persistence and polarity in the more mesenchymal MDA-MB-231 cell line. Thus, PRG is essential for CXCR4-driven tumor cell migration through spatial regulation of RhoA and the subsequent organization of the cytoskeletal structures that support motility. Furthermore, immunohistochemical analysis of human breast tumor tissues shows a significant increase of PRG expression in the invasive areas of the tumors, suggesting that this RhoGEF is associated with breast tumor invasion in vivo.
Introduction
Multicellular organisms organize into tissues and organs in response to extracellular cues in the microenvironment (Bryant and Mostov, 2008) . Alterations in cell morphology and motility occur during normal organ tissue remodeling, but deregulation of these processes contributes to pathological outcomes including tumorigenesis (Tervonen et al., 2011) . The cytoskeleton is highly malleable and responds to extracellular signals by reorganizing its structure to effect changes in cell shape and drive migration (Gardel et al., 2010; Harris et al., 2009; Ridley et al., 2003) . Chemokine ligand 12 (CXC-type; CXCL12) is a versatile and potent motomorphogen, promoting cell motility and morphological changes important for development and tissue remodeling (Kucia et al., 2005; Murdoch, 2000) ; and its receptor, chemokine receptor 4 (CXC-type; CXCR4) is frequently overexpressed in malignant tumors of the breast and other tissues (Balkwill, 2004; Müller et al., 2001; Teicher and Fricker, 2010; Zlotnik, 2006) . Thus, CXCR4 is considered an important diagnostic and therapeutic target for human malignancies, and understanding the molecular mechanisms by which CXCL12 controls cytoskeletal organization and tumor cell motility may lead to future therapeutic modalities.
CXCR4-driven tumor cell migration depends on temporal regulation of RhoA signaling (Bartolomé et al., 2004; MolinaOrtiz et al., 2009; Struckhoff et al., 2010; Tan et al., 2006; Vicente-Manzanares et al., 2002) , but the molecular mechanisms by which CXCR4 regulates RhoA activity to promote motility is currently unknown. As direct activators of RhoA, RhoGEFs (guanine nucleotide exchange factors) are good candidates to signals from CXCR4 into RhoA activation during tumor cell motility. The size and diversity of the Dbl RhoGEF family (Rossman et al., 2005) allows the cell to integrate signals from diverse extracellular stimuli to produce precise spatiotemporal regulation of RhoA activity and subsequent changes in downstream cytoskeletal dynamics (Birkenfeld et al., 2007; Heasman et al., 2010; Nalbant et al., 2009; Terry et al., 2011) . Although RhoGEFs are best understood for their direct activation of Rho GTPases, additional regulatory mechanisms include influencing downstream signaling from Rho effectors (BravoCordero et al., 2011; Mulinari et al., 2008; Mulinari and Häcker, 2010) , restricting the spatial activation of Rho GTPases (BravoCordero et al., 2011) , and creating scaffolding platforms to recruit specific Rho effectors to produce differential signaling outputs (Buchsbaum et al., 2002) .
The ability of the CXCR4-CXCL12 signaling axis to promote cancer metastasis is well established; however, considerably less is known about the downstream signaling molecules crucial for CXCR4 pro-migratory responses. To investigate the RhoA signaling pathways involved in CXCR4-driven breast cancer motility, we used an in vitro wound closure assay to assess changes in migration following CXCR4 stimulation. When MCF7-CXCR4 cells were treated with the CXCR4 ligand, CXCL12 (10 nM), there was a 60% increase in migration (Fig. 1A) , verifying that activation of CXCR4 significantly stimulates breast cancer cell migration in our system. Pretreatment with the Rho inhibitor, C3-transferase, blocked CXCL12-stimulated cell migration, demonstrating Rho activity is required for cell migration, and that without Rho activity, CXCR4 cannot promote breast cancer migration.
Having established the importance of Rho in CXCR4 migration in our system, we set out to identify which signaling molecules are required. Previously it was shown that Ga 12/13 activates RhoA downstream of CXCR4 in Jurkat cells (Tan et al., 2006 ) and therefore we anticipated that Ga 12/13 would also be required for CXCR4-stimulated migration in our model. We transfected MCF7-CXCR4 cells with a GFP-tagged RGS domain and measured changes in cell migration following CXCL12 addition. Isolated RGS domains can act as dominant-negative inhibitors by blocking Ga 12/13 stimulation of RhoA (Iguchi et al., 2008; Tan et al., 2006; Ziembicki et al., 2005) . In control (GFPtransfected) MCF7-CXCR4 cells, CXCL12 significantly increased cell migration (58%, Fig. 1B ), which is comparable to the increase in non-transfected MCF7-CXCR4 cells. Expression of GFP-RGS inhibited CXCL12-driven migration of MCF7-CXCR4 cells, confirming previous reports in other cell types showing a role for Ga 12/13 in CXCR4-driven RhoA activity (Tan et al., 2006; Yagi et al., 2011) and demonstrating Ga 12/13 is important in CXCR4-driven migration in our system.
Stimulation of CXCR4 leads to tyrosine phosphorylation of LSC and PRG RhoGEFs
Tyrosine phosphorylation is a commonly used mechanism for the regulation of RhoGEF activity and increased tyrosine phosphorylation following receptor activation has been reported for the three RGS-RhoGEFs family members (Chikumi et al., 2002; Guilluy et al., 2010; Suzuki et al., 2009; Suzuki et al., 2003) . We treated MCF7-CXCR4 cells with CXCL12 and used a phosphotyrosine (PY)-specific antibody to immunoprecipitate PY-proteins (Fig. 1C) . Stimulation of CXCR4 sharply increased tyrosine phosphorylation of LSC and PRG, but not LARG. However, the basal level of PY-LARG was high, potentially (10 nM) significantly stimulated migration (P50.003), whereas pretreatment of cells with C3-transferase (0.5 mg/ml) blocked basal and CXCL12-induced migration. Cells were imaged at 0 hours and 20 hours post-wounding, and the difference in wound area was determined using ImageJ software. (B) MCF7-CXCR4 cells were transfected with either control (GFP) vector or GFP-RGS 24 hours before wounding. Migration was calculated as change in wound area as described above. Representative immunoblots probed with anti-GFP confirm the expression of GFP (control cells) and GFP-RGS. Data from A and B are means 6 s.e.m., n53. (C) MCF7-CXCR4 cells were transfected with LSC-, LARG-or PRG-specific siRNA. Serum-starved cells (16 hours) were treated with CXCL12 (10 nM, 10 minutes), lysed, and tyrosinephosphorylated proteins were immunoprecipitated using a phosphotyrosinespecific antibody. Input represents 10% of IP sample. masking a response to CXCL12. These data show that LSC and PRG are targets of CXCR4 signaling, suggesting that these two GEFs may be responsible for RhoA activation following activation of CXCR4.
Knockdown of PRG expression profoundly inhibits CXCR4-mediated migration
To determine whether LSC or PRG was required for cell migration following stimulation of CXCR4, we used siRNA to selectively target LSC, LARG or PRG expression and assessed the effect on cell migration (Suzuki et al., 2009; Tesmer, 2009) . Each siRNA reduced expression of its target gene by 90% or greater, without altering the expression of other RGS-RhoGEF proteins (Fig. 2B) . In control-siRNA-transfected cells, CXCL12 significantly increased cell migration (55%, Fig. 2A ), which is similar to that observed in non-transfected MCF7-CXCR4 cells (Fig. 1A) . We observed that LSC-deficient cells were still responsive to CXCR4 stimulation (P,0.05), suggesting that although CXCR4 stimulation results in tyrosine phosphorylation of LSC, LSC is not essential for CXCR4-driven migration ( Fig. 2A) . Knockdown of LARG attenuated migration following CXCR4 stimulation, albeit weakly (P50.041). The relatively small decrease in CXCR4-driven migration coupled with the lack of PY stimulation led us to conclude that although LARG contributes to CXCR4-driven migration it is not the primary regulator of CXCR4-driven migration. In contrast, PRG knockdown cells showed a dramatic decrease in both basal and CXC4-dependent migration. In wound-healing assays there was a slight increase in wound area during the assay in both nonstimulated and CXCL12-stimulated cells ( Fig. 2A) . Observing PRG knockdown cells during the assay confirmed PRG-deficient cells did not migrate into the wound and, in fact, contracted away from the empty space and increased their contact with neighboring cells. The slight increase in wound area was not due to cell death because PRG-deficient cells remained viable and attached for at least 2 days after the completion of the assay (data not shown). To confirm that effects on cell migration were due to loss of PRG and not siRNA off-target effects, we generated MCF7-CXCR4 cells that stably expressed mouse PRG (msPRG) cDNA, which is not targeted by the PRG siRNA (see Materials and Methods; Fig. 2D ). Expression of msPRG restored the migratory response to CXCR4 stimulation (Fig. 2C) . Although the migration response in the msPRG cells was not as high as in the controls, the restoration of the CXCR4-driven migration response was proportional to the expression of PRG (Fig. 2D) , confirming that PRG expression correlates with the CXCR4-driven migration response. Because CXCL12-stimulated tyrosine phosphorylation of PRG, and PRG knockdown caused such a profound reduction in cell migration, we conclude that PRG is an essential mediator of MCF7-CXCR4 cell migration.
RGS-RhoGEF knockdown results in defects in migration machinery components
Cell motility requires orchestrated changes in the cytoskeleton, thus, disruption of PRG-dependent cytoskeletal structures would impair cell migration. To specifically determine how cytoskeletal elements were disrupted in PRG knockdowns, we examined focal adhesion and F-actin structures in both sparsely plated cells (Fig. 3A) and migrating cells at the wound edge of a monolayer (Fig. 3C ). Vinculin, a component of integrin adhesion complexes, was used to identify focal adhesions structures, and phalloidin was used to label F-actin. Using sparsely plated cells allowed us to image the structural components in greater detail, whereas examining cells at the wound edge allowed us to image cells in an environment that recreated that of the migration assays in Fig. 2 . Non-stimulated MCF7-CXCR4 cells had modest focal adhesions at the cell periphery and cell protrusions, along with small stress fibers in the interior and at cell projections (Fig. 3A , top right panel). Stimulation with CXCL12 induced actin-and focal-adhesion-rich protrusions, increased focal adhesion number, and stimulated stress fiber formation (Fig. 3A , left panels). In contrast, PRG knockdown cells were large, symmetrical, and lacked obvious protrusive structures. Large, distinct focal adhesions were present but since these cells had no distinct protrusive areas, the focal contacts were uniformly spread about the periphery of the cell. No internal stress fibers were present and instead there were pronounced rings of cortical Factin, and in cell clusters these rings defined the boundary of the cluster rather than defining individual cells within the cluster (Fig. 3A, bottom right panel) . PRG-deficient cells exhibited few morphologic changes following CXCL12 treatment, with no increase in focal adhesions or protrusions. CXCL12-induced actin changes were restricted to the periphery of PRG-deficient cells, where it selectively induced formation of bundled actin (Fig. 3A, bottom panels) .
To verify the above observations were due to loss of PRG, we examined the cytoskeletal organization of cells in a rescue experiment. Fig. 3B demonstrates that expression of a siRNAresistant PRG (msPRG) restored the actin and focal adhesion phenotype of cells transfected with PRG siRNA. A cell cluster with both high (white asterisks) and low levels of PRG shows cells with high PRG expression have obvious actin-and adhesion-rich protrusions following treatment with CXCl12 (red arrows). In contrast, adjacent cells with low PRG expression show the phenotype typical of PRG knockdown. These cells are large and symmetrical, with no protrusions and prominent cortical actin (white arrows). These data demonstrate that the cellular phenotype in PRG-depleted cells is due to lack of PRG and not due to off-target effects of siRNA transfection.
To determine whether the cytoskeletal alterations in PRGdeficient cells could account for the migration defects, we analyzed the actin and adhesion structures in cells during the wound closure assay. Control cells at the wound front protruded into the wound space with adhesions and actin stress fibers aligned in the direction of migration (Fig. 3C ). Consistent with observations in sparsely plated cells, PRG-deficient cells do not protrude into the wound space and the actin fibers form a continuous cable along the wound front with focal adhesions distributed along the actin cable. The observed changes in the actin and adhesion characteristics provide insight into how loss of PRG prevents CXCR4-driven cell migration. The atypical cortical actin structure in PRG knockdowns appears to form a barrier to CXCR4-driven protrusion formation, while the lack of interior actin stress fibers prevents cells from generating the traction forces needed for motility.
The tightly clustered morphology observed in PRG-deficient cells suggested there were also alterations in cell-cell adhesion characteristics. E-cadherin is a key molecule involved in formation of adherens junctions, and E-cadherin expression is lost during the epithelial-mesenchymal transition that often accompanies breast cancer progression. In our previous study, we found that MCF7 cells expressing an activated mutant of CXCR4 showed a loss of E-cadherin expression, a more mesenchymal phenotype, and increased tumor cell motility and metastasis (Rhodes et al., 2011) . We speculated PRG may regulate Ecadherin downstream from CXCR4, which may enhance tumor cell motility. To test this hypothesis we looked at expression of Ecadherin and b-catenin in MCF7-CXCR4 cells following PRG knockdown. Contrary to our expectations, we found PRG knockdown did not alter either E-cadherin or b-catenin expression (Fig. 4C) . We then used immunofluorescence to investigate whether PRG influenced the localization of either protein. We found that localization of E-cadherin and b-catenin to cell-cell junctions was enhanced in PRG-deficient cells (Fig. 4B) . Thus, loss of PRG did not increase E-cadherin expression, but clearly strengthened the presence of E-cadherin at cell junctions, which could act as a brake on CXCR4-promoted cell migration.
PRG is required for full activation of RhoA in response to CXCL12
Because PRG is Rho-specific GEF and its direct biochemical function is to activate RhoA, we investigated how changes in cell migration following PRG depletion correlated with RhoA activity, using an ELISA-based activity assay that detects GTP-loaded RhoA. CXCL12 increased GTP loading of RhoA in control siRNA-transfected cells (63% increase), verifying that RhoA is activated downstream of CXCR4 (Fig. 5A ). Knockdown of PRG expression significantly (P,0.001) blocked stimulation of RhoA activity by CXCL12 (only 9% increase), establishing PRG in the signaling pathway between CXCR4 and activation of RhoA.
The inhibition of RhoA activity following PRG knockdown corresponds to distinct morphological changes, with PRG knockdown generating large, symmetrical, non-protrusive cells that formed tight clusters with neighboring cells ( Fig. 5C; Fig. 3A ). This morphology is very different from the morphological changes that resulted from treatment of cell with C3-transferase (Fig. 5C ), which is known to produce a global inhibition of RhoA activity ( Fig. 5A) (Kakudo et al., 2011) . These observations suggested to us that PRG regulates the activity of a specific intracellular pool of RhoA and we thought that the observed changes in cell migration and morphology in PRG-deficient cells are due to dysregulation of RhoA activity at these sites.
RhoA FRET biosensor reveals that PRG knockdown profoundly alters the localization of RhoA activity
We directly tested the requirement of PRG for spatial regulation of RhoA using a well-characterized FRET biosensor to detect active RhoA (Machacek et al., 2009; Pertz and Hahn, 2004; Pertz et al., 2006) . We created a wound in a monolayer of MCF7-CXCR4 cells stably transfected with the RhoA biosensor and measured RhoA activity only in cells migrating from the wound edge. In control siRNA-transfected cells, RhoA activity was high throughout the cell body, which is consistent with the role of RhoA in regulating the contractile machinery of the cell during cell migration (Fig. 5D ). High RhoA activity was also seen in cellular protrusions that were extending into the open space, which is also consistent with reports showing high RhoA activity at the leading edge of the cell (El-Sibai et al., 2008; Pertz et al., 2006) . As predicted, based on the differences in their morphology, the normal spatial regulation of RhoA activity required PRG. In cells lacking PRG, high RhoA activity was nearly absent from the cell body and cell junctions, and instead, was almost exclusively found at the periphery of the cell cluster. This pattern overlaps with that of the abnormal cortical actin structures previously observed in PRGdeficient cells (Fig. 3) . The biosensor data show that PRG is required for RhoA activity in the center of cell and suggests that the specific spatial regulation of RhoA by PRG is an essential component of CXCR4-driven migration.
PRG is required for localization of RhoA activity in migrating MDA-MB-231 cells
Although the MCF7-CXCR4 cell line has enhanced migratory responses to CXCL12 (Rhodes et al., 2011; Struckhoff et al., 2010) , it still retains most of the epithelial characteristics and relatively low migration rates of parental MCF7 cells. We speculated that PRG depletion may be a less potent inhibitor of migration of invasive, mesenchymally transformed breast cancer cells. MDA-MB-231 cells are a highly migratory and invasive breast cancer cell line, with high endogenous expression of CXCR4 (Lechertier et al., 2004; Kang et al., 2005; Zhao et al., 2008) . They have undergone EMT and therefore do not express E-cadherin or form cell-cell junctions. We generated MDA-MB-231 cells stably expressing the RhoA biosensor to determine whether PRG depletion altered the spatial distribution of RhoA activity, and particularly the central pool of active RhoA, in these highly migratory cells. In 231 control cells, we observed an asymmetric cellular distribution of RhoA activity, with a wide region of high RhoA activity extending from the nucleus to the back of the cell (as highlighted by the FRET emission ratio line profile, blue box in Fig. 6A) , and a sharp band of RhoA activity at the leading edge (Fig. 6B) . In PRG-deficient cells, total RhoA activity was reduced and the cells lacked the asymmetric distribution of RhoA activity found in control cells. Rather than identifying a wide region of active RhoA in the rear of the cell and in a band at the protrusive front, PRG-depleted cells had only a thin band of RhoA activity around the periphery of the cell. These results are consistent with those observed in MCF7-CXCR4 cells, where loss of PRG resulted in a redistribution of active RhoA from the cell body and protrusive sites to the cell periphery, leading us to conclude that PRG is required for spatial regulation of RhoA in both cell types.
PRG is required for cytoskeletal organization in MDA-MD-231 cells
We then examined actin and adhesion structures by microscopy to determine whether changes in RhoA activity distribution corresponded to defects in MDA-MB-231 cytoskeletal organization, as observed in MCF7-CXCR4 cells. Control MDA-MB-231 cells were asymmetric with a broad protrusive front containing large focal adhesions that capped prominent actin stress fibers (Fig. 6B, top) . In contrast, F-actin and focal adhesions were severely disrupted in PRG-depleted cells with few focal adhesions and diffuse vinculin localization (Fig. 6B, bottom ). There were no internal actin stress fibers and instead we observed disorganized actin structures concentrated mainly at the cell cortex. These cytoskeletal changes correlate with the distribution changes of active Rho shown in Fig. 6A , and further confirm that PRG normally acts to localize active Rho to internal cellular sites and is needed for proper organization of cellular migration machinery.
PRG is required for CXCR4-driven migration and polarization Fig. 6 demonstrates that PRG depletion disrupted the normal distribution of active RhoA and cytoskeletal machinery in MDA-MB-231 cells, similarly to the MCF7-CXCR4 cell line, making it probable that PRG was also required for the cell migration response in MDA-MB-231 cells. However, because of the high migration capacity and lack of cell-cell junctions in MDA-MB-231 cells, we hypothesized that the inhibition of cell migration would not be as profound as that in MCF7-CXCR4 cells. To test this hypothesis, we used a wound closure assay similar to that outlined in Fig. 2B to measure cell migration following loss of PRG. Since MDA-MB-231 cells migrate as individual cells, we modified our migration assay and tracked the movement of individual MDA-MB-231 cells. Quantification of distances traveled by control or PRG-deficient cells demonstrated that PRG depletion reduced basal cell migration and significantly inhibited the migration response to CXCL12 (58% decrease from control, Fig. 7A, left panel) .
Time-lapse movies from 231 cell migration assays (supplementary material Movies 1, 2) revealed that PRGdeficient cells appeared unable to sustain prolonged directional migration and instead traveled in random, meandering paths, suggesting PRG depletion led to defects in directional migration persistence. We calculated directional persistence in control and PRG-deficient MDA-MB-231 cells and found there was a downward shift in directional persistence following PRG depletion in MDA-MB-231 cell population and a 30% decrease in mean directional persistence. The reduced cytoskeletal asymmetry (Fig. 6B ) and the decrease in directional persistence (Fig. 7A, center) suggested that PRG depletion led to loss of cell polarity, which would contribute to reduced cell migration. To test this, we immunolabeled cells with anti-b-tubulin and antipericentrin [a marker of the microtubule-orienting center (MTOC)] in migrating cells. Cells with MTOCs oriented in front of the nucleus towards the empty space were scored as positive for polarization. The majority of control cells (66.2%) had aligned MTOCs and the microtubule cytoskeleton projecting in the direction of migration (Fig. 7B) . In contrast, PRG knockdown prevented polarization of the MTOC, with less than 30% of cells polarized to the wound edge.
Altering PRG expression in MDA-MB-231 cells had potent effects on the distribution of active RhoA, cytoskeletal organization, and polarity, but the inhibition of migration shown in MDA-MB-231 cells (Fig. 7A ) was more modest than in MCF7-CXCR4 cells (only 50-60%) suggesting MDA-MB-231 cells retained substantial invasive and metastatic capacity. Therefore we measured the effect of PRG knockdown on the invasiveness of MDA-MD-231 cells in three-dimensional (3D) collagen gels. 3D environments more closely mimic the in vivo environment found in tissues and often reveal aspects of migration not identifiable in a two-dimensional system. We used confocal microscopy to determine the ability of MDA-MB-231 cells to invade into a 3D collagen matrix. We set 30 mm as the cutoff for invasion distance because cells that failed to invade remained below this distance. Using this method we observed that over 40% of the intensity of actin labeling was detected above the threshold distance in control siRNA cells (Fig. 7) . 3D images revealed that many control cells migrated considerably further than the 30 mm threshold point, as we detected cells throughout the entire height of the gel with some cells migrating distances of up to 150 mm (Fig. 7C, top panels) . In contrast, PRG knockdown prevented cell invasion, with only 8% of the actin intensity detected above the threshold distance. The difference between the control and PRG knockdown 3D projection images was particularly striking. Control cells were observed at all distances in the matrix, whereas we only rarely observed PRG knockdown cells in the higher regions of the collagen matrix. Figs 6 and 7 demonstrate that PRG is required for normal polarized orientation of migration machinery including the asymmetric spatial distribution of the active RhoA, F-actin, focal adhesions, and microtubules as the normal organization of each of these cytoskeletal elements in MDA-MB-231 cells is missing PRG-depleted cells.
Furthermore, these results demonstrate that PRG is required by MDA-MB-231 for invasion and that PRG is an essential component of cell motility in multiple breast cancer cell types.
PRG expression is associated with breast tumor invasion in vivo
To test whether PRG expression is associated with human breast cancer, we measured its expression by immunohistochemistry in a panel of 20 archival human breast tumor samples. PRG expression was measured in multiple areas of each tumor, categorized as in situ, invasive or lymphatic emboli. Fig. 8A shows images of PRG staining in several areas of a single tumor sample, in which PRG expression increases in the invasive areas. For each case, the level of PRG expression was scored on a scale of 0-4 and demonstrates a significant increase in the invasive areas and lymphatic emboli (Fig. 8B) . Analysis of the difference in PRG expression between areas within the same tumor sample show significant increase in invasive areas over in situ (solid tumors that have invaded the surrounding stroma or individual cells that have spread to stromal and adipose tissue), and in lymphatic emboli over invasive areas (Fig. 8C) . Thus, we find that consistent with our in vitro data, high PRG expression is correlated with an invasive phenotype in human breast cancer.
Discussion
CXCL12 signaling was first associated with tumor progression and metastasis 10 years ago, and studies since then have demonstrated that the involvement of CXCR4 in cancer is multi-faceted and includes the regulation of growth, motility and metastatic homing of primary tumor cells, as well as modification of the tumor microenvironment (Balkwill, 2004; Teicher and Fricker, 2010; Zlotnik, 2006) . Our study is focused on CXCR4 signaling events that activate RhoA to regulate tumor cell motility. We screened the three RGS-RhoGEFs (LSC, LARG, and PRG) that were good candidates linking CXCR4 stimulation to RhoA activation, and discovered that PRG was essential for tumor cell motility (Figs 2, 7) and its depletion prevented CXCR4-driven tumor cell migration and invasion. Previous studies with fibroblasts and lymphocytes yielded conflicting results regarding the role of PRG in migration, but here we have clearly determined that PRG is essential for basal and CXCR4-driven breast tumor cell motility by using breast tumor cell lines that overexpress CXCR4: the weakly invasive MCF7-CXCR4 cells and the highly invasive MDA-MB-231 cells. Significantly, these findings correlate with our study of human breast tumor tissue samples where higher levels of PRG are observed in highly invasive neoplastic cells invading surrounding adipose tissue and inside lymphatic vessels, in contrast to in situ areas where PRG expression is weak, suggesting a direct correlation between PRG expression and an invasive phenotype.
To determine the cell biological mechanism responsible for PRG-dependent motility, we examined the cytoskeletal organization of the breast tumor cell lines by microscopy. In MCF7-CXCR4 cells, loss of PRG resulted in robust cell clustering (Fig. 3) , and enhanced E-cadherin accumulation at cell junctions (Fig. 4) . These data are consistent with reports demonstrating a role for Rho signaling in negatively regulating adhesion junction formation (Sahai and Marshall, 2002; Samarin et al., 2007) , and with two recent papers demonstrating a role for PRG in the regulation of apical constriction and tight junctions formation in polarized epithelial tissues (Itoh et al., 2012; Nishimura et al., 2012) . Similar to these studies, our FRET biosensor experiments showed an absence of RhoA activity (Fig. 5 ) and phosphorylated MLC (data not shown) at cell junctions in the absence of PRG, suggesting that PRG also modulates cellular junctions and tension in our system. However, our experimental system revealed another role for PRG at the base of the cell where we examined cytoskeletal structures involved in migration and invasion.
Our analysis of the actin cytoskeleton and integrin adhesion complexes revealed that organized actin and adhesion complexes in the center of the cell were completely absent in PRG knockdowns, but actin and adhesion complexes on the cell periphery were enhanced (Fig. 3) . The strong band of actin and adhesions along the front of the wound edge, along with the increased E-cadherin adherens junctions, provides a cell biological mechanism to explain the lack of protrusions and migration observed in the absence of PRG in MCF7-CXCR4 cells. The mesenchymally transformed MDA-MB-231 cells do not express E-cadherin and therefore enhanced junction formation cannot contribute to the reduced motility in the absence of PRG. However, similar to the MCF7-CXCR4 cell line, PRG knockdown results in a loss of central actin and adhesion structures while retaining strong cortical actin (Fig. 6B ). This was accompanied by a loss of a polarized Factin front and a strong loss of polarity in the migration assay (Fig. 7A) . This is consistent with a previous study in neuronal cells that implicated PRG in the acquisition of neuronal polarity (Longhurst et al., 2006) . Together our data show that PRG regulates the motility of breast tumor cells of diverse phenotypes by controlling the organization of cytoskeletal structures in the center of the cell.
Spatial regulation of RhoA activity is known to be important during cell migration in many different systems (Ernkvist et al., 2009; Heasman et al., 2010; Machacek et al., 2009; Nalbant et al., 2009; Struckhoff et al., 2011; Timpson et al., 2011) . Thus, to further investigate the molecular mechanisms underlying the role of PRG in cell motility and cytoskeletal regulation we tested its effects on the localization of RhoA activity using a FRET-based biosensor. This assay revealed a very distinctive change in the localization pattern of RhoA activity in PRG knockdown cells (Fig. 5D) . Specifically, loss of PRG removed RhoA activity from the cell interior, while leaving significant RhoA activity in the periphery of the cell. This pattern of RhoA activity mirrors the spatially restricted effects on the cytoskeleton, in which internal actin and adhesion structures are lost, but peripheral structures are retained or even enhanced. Thus, in addition to acting as a RhoGEF to catalyze the activation of RhoA, PRG is required for normal spatial regulation of RhoA activity that controls cytoskeletal organization during breast tumor cell motility.
PRG is known to bind actin stress fibers and to associate with microtubules where it is predicted to modulate Rho signaling at these specific sites to control cytoskeletal dynamics and, ultimately, cell migration. PRG localizes microtubules through its interaction between its PDZ domain and microtubuleassociating protein-1 (MAP1) (Longhurst et al., 2006) . Localization to the microtubules was required for cytoskeletal organization as drug-induced depolymerization of the microtubules or MAP1-binding-deficient PRG mutants had defects in neurite extension and polarity, as a consequence of dysregulated RhoA. Spatial regulation of RhoA at microtubules has been reported for the other two RGS-RhoGEF family members (Goulimari et al., 2008; Slattum et al., 2009) , suggesting that modulation of RhoA at microtubules is a common feature of RGS-RhoGEF family members. The concept of RhoGEFs directing the spatial regulation of Rho to achieve specific biological outcomes is also well established for other RhoGEFs. GEF-H1 localizes to cell-cell junctions and cellular protrusions to direct regulate Rho-dependent cell biological events Birkenfeld et al., 2007) , and Ect2 modulates localized RhoA activity at the cleavage furrow of dividing cells during cytokinesis (Su et al., 2011) , as well as cell-cell junctions (Ratheesh et al., 2012) . Whether the localization of PRG to internal pools of actin or microtubules is responsible for the central activation of Rho and downstream effectors to regulate cytoskeleton organization, E-cadherin localization and polarity remains to be determined.
Materials and Methods

Reagents
Reagents were obtained as follows: recombinant CXCL12, R&D Systems ( (Zheng et al., 2006) were synthesized by Dharmacon.
pQCXIB-CMV/TO-DEST (w320) (created by Dr. Eric Campeau) and pBabepuro-Rho biosensor (created by Dr. Klaus Hahn) were obtained from Addgene. The RGS domain of p115 RhoGEF (pENTR-RGS-p115), EGFP-DEST and mouse PRG (pENTR-msPRG) were gifts of Dr AdiDubash. Mouse PRG was subcloned into pQCXIB-CMV/TO-DEST to generate pQCXIB-msPRG by recombination (Invitrogen).
Cell culture MCF7-CXCR4 cells stably overexpress the CXCR4 chemokine receptor in MCF7 cells (Mao et al., 2011; Rhodes et al., 2011; Struckhoff et al., 2010) . MDA-MB-231 cells, obtained from ATCC (Manassas, VA), and Phoenix ecotropic retrovirus packaging cell lines (Garry Nolan via National Gene Vector Biorepository) were cultured in DMEM with 10% FBS and antibiotics.
Generation of RhoA FRET biosensor stable cell lines
Phoenix ecotropic packaging cells were transfected with pBABE-puro-RhoA FRET biosensor using calcium phosphate, and virus was collected at 36 hours and 48 hours after transfection. MCF7-CXCR4 or MDA-MB-231 cells were infected with viral supernatant plus Lipofectamine 2000 and selected with 2 mg/ml puromycin.
Generation of the siRNA-resistant PRG stable MCF7-CXCR4 cell line
The mouse PRG (msPRG) cDNA differs from human PRG by three nucleotides in the sequence targeted by the PRG siRNA, rendering it siRNA resistant. Invitrogen Gateway cloning was used to clone mouse full-length PRG (pENTR-PRG) into the retroviral vector pQCXIB-CMV/TO-DEST. MCF7-CXCR4 cells were infected with msPRG and stably expressing cells were selected with 8 mg/ml blasticidine.
Cell migration
To assess the role of Ga 12/13 in CXCR4-regulated migration, cells were transfected with either GFP vector or GFP-RGS-p115 using Lipofectamine 2000. Migration experiments were begun 24 hours after transfection. For RGS-RhoGEF experiments, cells were transfected with RhoGEF siRNA (10 nM per well) using RNAiMAX (5 ml/10 nM).
Monolayers were scratched to form a wound and culture medium was replaced with serum-free DMEM or serum-free DMEM with 10 nM CXCL12 or 0.5 mg/ml C3-transferase (Rho inhibitor). Initial (t50 hour) and final (t520 hour) phasecontrast images were taken using an Olympus IX71 microscope with a 106 objective (NA50.87). Cells were maintained at 37˚C, in 5% CO 2 using a LiveCell Environmental Chamber (NEUE Group). The total area of the monolayer wound at 0 hours (t 0 ) and 20 hours (t 20 ) was determined using ImageJ software and cell migration was calculated as the change in wound area (t 20 2t 0 ). Cell migration under various conditions was normalized to migration of non-stimulated, control cells (100%).
Single-cell analysis was used to measure migration in MDA-MB-231 cells. Migration assays were initiated as described for MCF7-CXCR4 cells, with images acquired every 30 minutes for 24 hours in order to create time-lapse movies. Individual cells (25-30 cells per field) were tracked and total displacement was calculated using Slidebook software. Cell migration was normalized to migration of non-stimulated, control siRNA-transfected cells (100%).
Directional persistence was calculated as a ratio of net migration distance versus total migration distance as described previously (Burdisso et al., 2013) .
For all migration assays, Student's t-tests were used to determine significance of changes using GraphPad Prism software.
RhoA activity assays
To measure Rho GTP levels, cells were transfected with control or RGS-RhoGEFspecific siRNA as described above. After 72 hours, cells were serum-starved for 16 hours then treated with 10 nM CXCL12 for 10 minutes. Cells were lysed and RhoA activity was measured by G-LISA assay (Cytoskeleton). Levels of active RhoA obtained from the G-LISA assay were normalized by protein input levels. Additionally, equivalent amounts of cellular lysates were taken from assay lysates and analyzed by immunoblotting to confirm knockdown of RGS-RhoGEF expression. Student's t-tests were used to determine significance of differences using GraphPad Prism software.
FRET imaging of RhoA activity MCF7-CXCR4 or MDA-MB-231 cells stably expressing the RhoA FRET biosensor were transfected with control or RGS-RhoGEF siRNA as described above. 6 hours after wounding cells at the wound edge were imaged in phenol-free DMEM. Confocal images were acquired with an Olympus BX51 laser scanning confocal microscope fitted with their Fluoview1000 system. Images were visualized through a 606 oil immersion objective. A 405 nm Ar/HeNe laser refined by a 405/473 dichroic mirror was used to excite CFP, and the CFP and FRET (CFP) emission signals were simultaneously recorded using BA465-495 nm (CFP) and BA535-565 nm (FRET) emission filters. The FRET emission signal was divided by the CFP signal to create a ratiometric image, which is reflective of the RhoA activity within the cell (Machacek et al., 2009; Pertz et al., 2006) . A linear pseudocolor lookup table was applied to all ratio images with warm and cool colors representing high and low RhoA activity, respectively. Ratio values were normalized to the lower scale value, which was chosen to exclude the bottom 7% of the total histogram distribution to avoid areas of low signal-to-noise ratio (Machacek et al., 2009 ). Images were acquired and processed with Fluoview 1000 software, and exported as BMP files for further editing with Adobe Photoshop. For line profiles, FRET emission ratio images were rescaled so that all cells analyzed were approximately the same size. Emission ratios along a line drawn edge-toedge through the long axis of the cells were recorded using Fluoview 1000 software. Compiled data for each condition were plotted as means 6 s.d. using GraphPad Prism software.
Immunocytochemistry
MCF7-CXCR4 or MDA-MB-231 cells were transfected with control or RGSRhoGEF siRNA as described above for cell migration assays. 48 hours after transfection, cells were plated onto collagen-1-coated coverslips (10 mg/ml) at high and low cell densities. Cells were fixed and labeled as previously described (Struckhoff et al., 2010) . Images were obtained using the Olympus BX51 laser scanning confocal system, as described above. Quantification of E-cadherin intensity at cell-cell junctions was measured by extracting the integral intensities from a three-pixel-wide line around the perimeter of the cells using Fluoview software.
For analysis of MTOC polarity, MDA-MB-231 cells were transfected with control or PRG siRNA as described for cell migration assays. 48 hours after transfection, cells were plated onto collagen-1-coated coverslips. Scratches were made in confluent monolayers, and 6 hours later were fixed with ice-cold methanol/EGTA, stained with anti-b-tubulin and anti-pericentrin, and images were obtained and processed as described above. Cell polarity was scored positive if the MTOC fell within a 90˚angle drawn relative to the wound front (EtienneManneville and Hall, 2003; Goulimari et al., 2008) . Only cells along the wound edge were scored.
Immunoprecipitation and immunoblotting
Cells were serum-starved, treated with CXCL12 (10 nM, 10 minutes), washed with PBS, and lysed in TBS 1% Triton X-100 (TX) buffer with protease and phosphatase inhibitors. The lysates were precleared by incubation with protein-Gagarose beads, followed by incubation with a phosphotyrosine-specific antibody (clone 4G10) overnight at 4˚C. The immunocomplexes were collected by protein-G-agarose beads, washed in ice-cold TBS 1% TX buffer, boiled in sample buffer, and resolved by SDS-PAGE. Immunoblots were performed as described previously (Struckhoff et al., 2010) .
Three-dimensional invasion assay
MDA-MD-231 cells were transfected with control or PRG siRNA as described above. 48 hours after transfection, cells were plated on acid-etched glass coverslips (Mattek). The following day, siRNA-transfected cells were overlayed with collagen-1 gels (2 mg/ml) and cultured in complete medium for 48 hours (Hooper et al., 2006) . The gels were fixed with 4% paraformaldehyde-PBS and stained with Alexa-Fluor-594-phalloidin. The collagen matrix was imaged in 5 mm optical sections to a distance of 150 mm from the origin. Three-dimensional images were generated using Slidebook software and projection images were generated using Fluoview software. The fluorescence intensity distribution above and below 30 mm (0-30 mm and 30-150 mm) was calculated and graphically represented as a percentage of the total signal intensity.
Immunohistochemistry
A total of 20 cases of formalin-fixed, paraffin-embedded biopsy samples of breast carcinomas were obtained from our pathology archives. Tumor classification and grading was done according to the WHO classification of breast tumors. Immunohistochemistry was performed using the avidin-biotin-peroxidase methodology according to the manufacturer's instructions (Vector Laboratories, Burlingame, California) as previously described (Knight and Parsons, 1991) .
For statistical analysis of PRG expression, tumor samples were assigned a PRG expression value from 0 to 4 (05no expression and 45robust expression). The values for the three pathologically defined areas of the tumor sample (in situ, invasive, lymphatic emboli) were averaged to generate a mean expression value across all tumor samples. Additionally, the difference between each tumor area within the same sample was computed (in situ versus invasive, in situ versus emboli, and invasive versus emboli). The Wilcoxon singed ranks test was used to determine significance between patients' expression level for each pair of immunohistochemistry PRG categories.
